Gene action and interaction in the control of body weight of chickens at 0, 4, 8, 12, 16 and 20 weeks post-hatching are investigated in the CH and IA inbred lines and crosses between them up to the S3 and sibbed backcross generations, involving measurements on 1500 cocks and 1626 pullets, spread over 3 years and 14 hatches.
INTRODUCTION
Tint application of the Mather-Hayman method of gene action analysis by the comparison of the means of generations from crosses between inbred lines (e.g. Mather, 1949; to characters in the chicken has not previously been reported except in a brief abstract . This paper presents such an analysis of the gene effects on body weight in 4-, 8-, 12-, 16-and 20-week old (post-hatching) chickens. Measurements of hatching weights could not be analysed because of irremovable genotypeenvironment interaction.
MATERIAL5 AND DATA
The parental stocks chosen for this experiment were the CH and IA inbred lines of White Leghorns . The IA line is singularly small and delicate, having these characteristics to a much greater extent than either a typical White Leghorn or the CH line. Interesting results in the inheritance of body size and conformation had already been found in crosses between these two lines (Cock and Morton, 1. INTRODUCTION T application of the Mather-Hayman method of gene action analysis by the comparison of the means of generations from crosses between inbred lines (e.g. Mather, 1949; to characters in the chicken has not previously been reported except in a brief abstract . This paper presents such an analysis of the gene effects on body weight in 4-, 8-, 12-, 16-and 20-week old (post-hatching) chickens. Measurements of hatching weights could not be analysed because of irremovable genotypeenvironment interaction.
MATERIALS AND DATA
The parental stocks chosen for this experiment were the CH and IA inbred lines of White Leghorns . The IA line is singularly small and delicate, having these characteristics to a much greater extent than either a typical White Leghorn or the CH line. Interesting results in the inheritance of body size and conformation had already been found in crosses between these two lines .
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At the start of the experiment the CH line had been sib mated for 25 generations and the IA line for 20, so that each was theoretically more than 99 per cent. homozygous; but both continued to segregate at a number of blood-group loci . The experiment was carried out in the years [1959] [1960] [1961] . Pure lines, the eight possible backcrosses and sibbed backcrosses were bred, as were the reciprocal S1, S2 and S3 generations (using the notation of for the generations equivalent to F1, F2 and F3 in organisms where only sib mating, not selfing, is possible). The distribution of families of each generation bred in each year is shown in table 1. Birds were hatched fortnightly on Wednesdays through Thursdays, the first hatch of each year being in the first week of March. There were five hatches in 1959 and in 1960, but only four in 1961.
The birds were reared in a hot brooder house from 0 to 4 weeks, in a cool brooder house from 4 to 8 weeks and in arks in open range from 8 to 20 weeks. They were fed ad libitum on commercial rations, a chick ration with anti-coccidiostat from 0 to 6 weeks and a range growers ration from 6 to 20 weeks, with the addition of hint grit from 0 to 2 days and small quantities of whole grain from 8 to 20 weeks.
The birds were banded, pedigreed to dam and weighed to the nearest 166 J. R. MORTON At the start of the experiment the CH line had been sib mated for 25 generations and the IA line for 20, so that each was theoretically more than 99 per cent. homozygous; but both continued to segregate at a number of blood-group loci .
The experiment was carried out in the years [1959] [1960] [1961] . Pure lines, the eight possible backcrosses and sibbed backcrosses were bred, as were the reciprocal S1, S2 and S3 generations (using the notation of for the generations equivalent to F1, F2 and F3 in organisms where only sib mating, not selfing, is possible). The distribution of families of each generation bred in each year is shown in table I. Birds were hatched fortnightly 'C used for CH line and I for IA line. The male parent is placed first in each cross.
(CI)', etc., are used conventionally for (C x I) x (C x I), etc.
on Wednesdays through Thursdays, the first hatch of each year being in the first week of March. There were five hatches in 1959 and in 1960, but only four in 1961.
The birds were reared in a hot brooder house from 0 to 4 weeks, in a cool brooder house from 4 to 8 weeks and in arks in open range from 8 to 20 weeks. They were fed ad libitum on commercial rations, a chick ration with anti-coccidiostat from 0 to 6 weeks and a range growers ration from 6 to 20 weeks, with the addition of flint grit from 0 to 2 days and small quantities of whole grain from 8 to 20 weeks.
The birds were banded, pedigreed to dam and weighed to the nearest g at hatching. Thereafter the 4-weekly weighings were made on Thursday mornings to the nearest gram.
Birds which had any 4-weekly weighing missing, or which, from their failure significantly to gain weight in any 4-week period, were clearly ill, were excluded from the data. A total of 1500 cocks and 1626 pullets remained to enter the analysis. To provide an indication of the size of individual birds, the generation-class means after adjustment for hatch effects (see below) of CH, IA (the smallest) and (lAd' x CH) S1 (the largest) are reproduced in table 2. The generation-class means of newly hatched chicks lay in the range 3 1-41 g.
TAizi 2
Class means in grams after adjustment for hatch effects, of the CH, IA and (IAC x CH) S1 generations from 4 to 20 weeks of age
Males Females
Age ( There were five hatches in each of the years 1959 and 1960 and four in 1961. These were analysed as 14 hatches without regard to year. Analyses of variance were made by the generalised inverse method of generation and hatch effects, and the interaction of generations x hatches estimated from the residual between-cells variance. As seen from table 3, the hatch effects are in general as great as the generation effects, and both are highly significant even when tested against the interaction where this is found significant compared to the within-cells error variance.
However the existence of a hatch x generation interaction in most of the measurements would throw doubt on any further analyses of the generation means. Therefore a simple model to remove some interaction effects was fitted. The hatch effects were replaced by three parameters for each hatch, K1 for the effect of that hatch on CH line genes, K2 for IA line genes and K3 for heterozygotes between the genes of the two lines. The analysis was then repeated. The residual variance between cells is now shown in table 3 as "Interaction remaining" and the difference between this residual and that from the previous analysis as "Interaction removed ". It will be seen that the interaction removed was significant in nine out of the twelve measures, and that in three out of the six measures that previously showed significant interaction (G x H) the remaining interaction is now insignificant. Therefore the main analyses are made on the generation means from this second analysis of those measures which show no remaining interaction, that is 8-to 20-week male and 4-to 20-week female body weights.
The form of the interaction removed is demonstrated by the regressions of K1 and K3 on the mean of K1 and K2 ( Birds which had any 4-weekly weighing missing, or which, from their failure significantly to gain weight in any 4-week period, were clearly ill, were excluded from the data. A total of 1500 cocks and 1626 pullets remained to enter the analysis. To provide an indication of the size of individual birds, the generation-class means after adjustment for hatch effects (see below) of CH, IA (the smallest) and (lAd' x CH) S1 (the largest) are reproduced in table 2. The generation-class means of newly hatched chicks lay in the range 31-41 g.
Tzi 2
Class means in grams after adjustment for hatch effects, of the CH, IA and (IA x CH) S1 generations from 4 to 20 weeks of age There were five hatches in each of the years 1959 and 1960 and four in 1961. These were analysed as 14 hatches without regard to year. Analyses of variance were made by the generalised inverse method of generation and hatch effects, and the interaction of generations x hatches estimated from the residual between-cells variance. As seen from table 3, the hatch effects are in general as great as the generation effects, and both are highly significant even when tested against the interaction where this is found significant compared to the within-cells error variance.
The form of the interaction removed is demonstrated by the regressions of K1 and K3 on the mean of K1 and K2 ( hatching weight, all negative and significant. The interaction therefore stems from the homeostatic protection of heterozygote genotypes from environmental effects.
(ii) Scaling
In earlier work on mouse body weights , there was evidence of a positive correlation between the means and variances of the backcross generations, suggesting that a logarithmic scale would be appropriate. In chickens, found that the results of a selection experiment for body weight were more comprehensible after such a transformation. However, in the present data there was no evidence of correlations between means and variances. Since, further, the effect of the transformation in the mouse data on the resultant analyses was extremely small , the analyses presented here use untransformed data throughout.
(iii) Association and dispersion To the extent that the genes for large size are dispersed among the two inbred lines rather than being associated together in the larger CH line, the main analysis by generation means will underestimate additive effects and produce incorrect estimates of additive interaction effects (Jinks and Jones, 1958 ). An approximate method was used to determine the degree of dispersion from the amount by which the distribution of the F2 population lies outside those of the inbred parental populations . The advantage of this over the more precise method proposed by Jinks and Perkins (1969) , which cannot be used in the present experiment, is that it is calculable before the main analysis. Any bias in the method tends to inflate the estimate of dispersion, and this conservatism is increased by choosing the more variable of the two S2's for comparison.
Results of the method for 4-to 20-week body weights of each sex are shown in table 5. With the exception of the 4-week-old males, which cannot be further analysed in any case because of irremovable generation x hatch interaction, the estimates were all of the order of 10 per cent. It is then BODY WEIGHT IN CHICKENS 169 comparable to the tests for genotype x environment interactions proposed for a similar case by Bucio Alanis, . The regressions of K1 on the mean of K1 and K2 are close to unity suggesting that differential effects of the environment on genes of CH or IA origin were not important in the interaction. But the regressions with K3 as numerator are, except for hatching weight, all negative and significant. The interaction therefore stems from the homeostatic protection of heterozygote genotypes from environmental effects.
(iii) Association and dispersion To the extent that the genes for large size are dispersed among the two inbred lines rather than being associated together in the larger CH line, the main analysis by generation means will underestimate additive effects and produce incorrect estimates of additive interaction effects (Jinics and Jones, 1958 ). An approximate method was used to determine the degree of dispersion from the amount by which the distribution of the F2 population lies outside those of the inbred parental populations . The advantage of this over the more precise method proposed by Jinics and Perkins (1969) , which cannot be used in the present experiment, is that it is calculable before the main analysis. Any bias in the method tends to inflate the estimate of dispersion, and this conservatism is increased by choosing the more variable of the two S2's for comparison.
Results of the method for 4-to 20-week body weights of each sex are shown in table 5. With the exception of the 4-week-old males, which cannot be further analysed in any case because of irremovable generation x hatch interaction, the estimates were all of the order of 10 per cent. It is then most unlikely that dispersion exists to a degree that will vitiate the main analyses.
MAIN ANALYSES (i) Models and method
The approach to fitting models to the data followed that of Jinks and Perkins (1969) , that is to say that the simplest model is fitted first and increasingly complex models thereafter until a satisfactory fit is obtained.
The first two models to be fitted were the additive-dominance and digenic interaction models. Expectations of the generation means for these models can be found in Van der Veen (1959) , if it is recalled that the expectation of the means of the S1 and 2 are the same as those of the F1 and F2, of the S3 as those of the F2bip, and of sibbed backcrosses as the two Bbip. But it is well known that sex-linkage and maternal effects are commonly important in the chicken . Additional parameters are needed for these.
It is necessary that the parameters for sex-linkage be clearly defined, and that the definitions represent the situation in the organism concerned and lead to mathematical solutions. Here, as in the previous experiment with mice ) the sexes are to be analysed separately. In the mouse experiment, the X-linked parameter was defined by giving the value of +1 to a CBA X chromosome and -1 to an A X chromosome, while the Ylinked parameter was defined as the effect of a CBA Y chromosome relative to an A Y chromosome, and the parameters inserted allowing for the fact that one random X chromosome is inactivated in the female mammal (Lyon, 1962) . In this present experiment two of the three parameters are defined analogously, " z" taking the value +1 for a CH Z chromosome and -I for an IA Z chromosome and" w "taking the value + 1 for a CHW chromosome and zero for an IA W chromosome. However, in the chicken there is no dosage compensation in the homogametic (male) sex (Cock, 1953) , and a further parameter (zh) for average heterosis between genes on the CII and IA Z chromosomes is needed (cf. . The distribution of coefficients of the three parameters among the seven basic sex-chromosome genotypes is, by these definitions: most unlikely that dispersion exists to a degree that will vitiate the main analyses.
The first two models to be fitted were the additive-dominance and digenic interaction models. Expectations of the generation means for these models can be found in Van der Veen (1959) , if it is recalled that the expectation of the means of the S1 and S2 are the same as those of the F1 and F2, of the S3 as those of the F2bip, and of sibbed backcrosses as the two Bbip. But it is well known that sex-linkage and maternal effects are commonly important in the chicken . Additional parameters are needed for these.
It is necessary that the parameters for sex-linkage be clearly defined, and that the defithtions represent the situation in the organism concerned and lead to mathematical solutions. Here, as in the previous experiment with mice ) the sexes are to be analysed separately. In the mouse experiment, the X-linked parameter was defined by giving the value of +1 to a CBA X chromosome and -1 to an A X chromosome, while the Ylinked parameter was defined as the effect of a CBA Y chromosome relative to an A Y chromosome, and the parameters inserted allowing for the fact that one random X chromosome is inactivated in the female mammal (Lyon, 1962) . In this present experiment two of the three parameters are defined analogously, " z" taking the value +1 for a CH Z chromosome and -1 for an IA Z chromosome and" w "taking the value +1 for a CHW chromosome and zero for an IA W chromosome. However, in the chicken there is no • dosage compensation in the homogametic (male) sex (Cock, 1953) , and a further parameter (zh) for average heterosis between genes on the CH and IA Z chromosomes is needed (cf. . The distribution of coefficients of the three parameters among the seven basic sex-chromosome genotypes is, by these definitions: are applicable to each sex, namely, in = notional mean, and deviations from this mean as follows:
The additive-dominance model is identical except for the omission of the terms " i ", "j " and " 1".
Where neither of these models provided a satisfactory fit to the data, two approaches were tried. The period weight gains between weighings, rather than the weight for age data, were analysed, to see whether this simplified the genetic effects. And a model for linkage with digenic interaction was fitted. This model is based on that given in Jinks and Perkins (1969) , but differs in two respects.
Firstly, it was necessary because of the use of parameters for sex-linkage, to calculate the expectation for the F2bip, equivalent here to the S3 generation, which is not given by Jinks and Perkins (1969) . It was found that by algebraic rearrangement the terms in p8, where p is the recombination fraction, in the gametic frequencies could be made to cancel out, so that the terms in psi, p51 and p°i, which led Jinks and Perkins to omit this expectation, no longer occur. The expectation of this generation is then
Secondly, the generations available do not allow the separate estimation of each of the parameters concerned with linkage and digenic interaction. The expectations of p1 and p1 are identical in each generation, and the three parameters, p21, p81 and p'l, are found in the expectation of only the S3 and sibbed backcrosses (equivalent to B1bip and B2bip) and their coefficients in the latter are identical. Therefore these five parameters were replaced by three joint parameters, (p1 +pl), (p2i-p81) and (p'i -2p3i).
The same parameters as used in the earlier models for sex-linked and maternal effects were added to the linkage model, except that the earlier analyses having shown that the (IA x CII) S dams had no effects even approaching significance, the relevant parameter, "q ", was dropped.
For each model the sexes are analysed separately. The 9, 12 or 14 parameters are estimated from the means of the 24 generations (table 1) , by weighted least squares and a x2 test for goodness of fit of the model made, following .
In the least squares solutions, the weights applied to each equation should ideally be the reciprocal of the variances attributable to each generation mean estimated from a minimum of 100 individuals per generation (Jut and Perkins, 1969) . In the present data, only the four 2 and S3 generations contained more than 100 observations in each sex, and some of the backcross and sibbed backcross generation means were based on many less individuals.
The generation x hatch analyses described earlier p. The additive-dominance model is identical except for the omission of the terms " i ", "j " and " 1 ".
Firstly, it was necessary because of the use of parameters for sex-linkage, to calculate the expectation for the F2bip, equivalent here to the S3 generation, which is not given byjinks and Perkins (1969). It was found that by algebraic rearrangement the terms in p8, wherep is the recombination fraction, in the gametic frequencies could be made to cancel out, so that the terms in p8i, p51 and p°i, which led Jinks and Perkins to omit this expectation, no longer occur. The expectation of this generation is then
Secondly, the generations available do not allow the separate estimation of each of the parameters concerned with linkage and digenic interaction. The expectations ofpi and p1 are identical in each generation, and the three parameters, psi, p31 and p41, are found in the expectation of only the S3 and sibbed backcrosses (equivalent to B1bip and B2bip) and their coefficients in the latter are identical. Therefore these five parameters were replaced by three joint parameters, (pi+pl), (p2i -p31) and (p41 -2p31).
The same parameters as used in the earlier models for sex-linked and maternal effects were added to the linkage model, except that the earlier analyses having shown that the (IA x CHc3') 1 dams had no effects even approaching significance, the relevant parameter, "q", was dropped.
In the least squares solutions, the weights applied to each equation should ideally be the reciprocal of the variances attributable to each generation mean estimated from a minimum of 100 individuals per generation . In the present data, only the four S2 and S generations contained more than 100 observations in each sex, and some of the backcross and sibbed backcross generation means were based on many less individuals.
The generation x hatch analyses described earlier p. (167) had been designed to yield standard errors for the generation means based on the overall within cell variance, the error variance derived from the hatch and hatch x generation interaction corrections and the number of birds per generation. The squared reciprocals of these standard errors were used as weights in the belief that the resultant loss of maximum likelihood was less serious than the possibility of inaccurate estimates of the variances of individual generation means due to small numbers. These weights are not applicable if correction for hatch and generation x hatch (G x H) interaction is incomplete. For this reason, and because of doubts as to the results of an analysis performed on data with residual G x H interaction, hatching weights in both sexes and 4-week weights in males were omitted from the analysis. The models were therefore fitted to the generation means, adjusted for hatch and hatch x generation interaction effects, for 4-to 20-week female and 8-to 20-week male body weights. The generation class means for the gain in weight from 4 to 8 and 4 to 12 weeks in females, and 8 to 12, 12 to 16, 16 to 20 and 12 to 20 weeks in both sexes, were calculated from the data adjusted for hatch and hatch x generation interaction effects. Also calculated were the variances within each generation and within all generations after adjustment. The weights for the least squares analyses of these data were therefore derived from the variances within the S2 and S3 generations, since these were each represented by more than 100 individual values, but for the remaining generations, the larger of the variance within the relevant generation and the variance within all generations was chosen. In this way any possibility offinding false significant results from over large weights estimated from too few individuals is avoided.
Estimates of the standard errors of the parameters were initially calculated from the appropriate combination of the error variances within generation means. Where, however, the x2 for goodness of fit remained significant, they were corrected by multiplication by 4JL, where V is the number of degrees of freedom of the X2 and hence of the t-test for significance of the parameters.
(ii) Fit of models
The additive-dominance model was fitted first to the 4-week female data, and the 8-, 12-, 16-and 20-week data of both sexes. The results of the X2 tests for goodness of fit are shown in the first two rows of table 6. The genetic control of only 4-week female weight and 20-week male weight could successfully be explained by this model, but the tests showed a contrast between the two sexes in that, with increasing age, the model provided an increasingly poor fit to the female but an increasingly good one to the male data. Fitting of the digenic interaction model to the same data produced no real improvement of fit except to the weight of 8-week old males (third and fourth rows of table 6). Further, the only parameters which could be shown to be significant in these analyses were "h ", the dominance deviation and "5 ", the maternal effect of one of the S1's. Thus there was no evidence for the effect of digenic interaction between unlinked loci.
At this stage, it was decided to note the individual contributions of each generation to the overall x2 as a guide to which further analyses might be profitable. The generations least well fitted were certain of the sibbed backcrosses and, in particular, the S3's. Contrary to the two models thus far 172 cell variance, the error variance derived from the hatch and hatch x generation interaction corrections and the number of birds per generation. The squared reciprocals of these standard errors were used as weights in the belief that the resultant loss of maximum likelihood was less serious than the possibility of inaccurate estimates of the variances of individual generation means due to small numbers. These weights are not applicable if correction for hatch and generation x hatch (G x H) interaction is incomplete. For this reason, and because of doubts as to the results of an analysis performed on data with residual G x H interaction, hatching weights in both sexes and 4-week weights in males were omitted from the analysis. The models were therefore fitted to the generation means, adjusted for hatch and hatch x generation interaction effects, for 4-to 20-week female and 8-to 20-week male body weights.
The generation class means for the gain in weight from 4 to 8 and 4 to 12 weeks in females, and 8 to 12, 12 to 16, 16 to 20 and 12 to 20 weeks in both sexes, were calculated from the data adjusted for hatch and hatch x generation interaction effects. Also calculated were the variances within each generation and within all generations after adjustment. The weights for the least squares analyses of these data were therefore derived from the variances within the S2 and S3 generations, since these were each represented by more than 100 individual values, but for the remaining generations, the larger of the variance within the relevant generation and the variance within all generations was chosen. In this way any possibility of finding false signfficant results from over large weights estimated from too few individuals is avoided.
Estimates of the standard errors of the parameters were initially calculated from the appropriate combination of the error variances within generation means. Where, however, the x2 for goodness of fit remained significant, they were corrected by multiplication by where v is the number of degrees of freedom of the X2 and hence of the t-test for significance of the parameters.
The additive-dominance model was fitted first to the 4-week female data, and the 8-, 12-, 16-and 20-week data of both sexes. The results of the x2 tests for goodness of fit are shown in the first two rows of table 6. The genetic control of only 4-week female weight and 20-week male weight could successfully be explained by this model, but the tests showed a contrast between the two sexes in that, with increasing age, the model provided an increasingly poor fit to the female but an increasingly good one to the male data. Fitting of the digenic interaction model to the same data produced no real improvement of fit except to the weight of 8-week old males (third and fourth rows of table 6). Further, the only parameters which could be shown to be significant in these analyses were "h ", the dominance deviation and "s", the maternal effect of one of the S1's. Thus there was no evidence for the effect of digenic interaction between unlinked loci.
At this stage, it was decided to note the individual contributions of each generation to the overall x2 as a guide to which further analyses might be profitable. The generations least well fitted were certain of the sibbed backcrosses and, in particular, the S3's. Contrary to the two models thus far tested, which predict no change in the mean between the S2 and S3, the fall in body weights from 2 to 53 was greater than from backcross to sibbed backcross. Two explanations presented themselves, more complex maternal effects, and the effects of linkage on digenic interaction. There is a limit to the number of parameters for maternal effects that can be fitted and, further, almost any model can be fitted to almost any data by the specification of arbitrary maternal effects. Therefore this first explanation was approached by analysing the growth increments between weighings in the belief that this might remove some maternal effects. The results are shown in rows 7 and 8 of table 6. Clearly the fit of the digenic interaction model to the period weight gains is even less satisfactory than the fit to the actual weights at different ages. There remained to test the digenic interaction model with linkage in which the number of parameters involving linkage had to be reduced because of the confounding of their estimators, and from which "q ", the maternal effect of the (IA x CH&) S dams, was dropped, as explained above. The fit of this model to the weight-for-age data is perfect (rows 5 and 6 of table 6). Since the increments between weighings had been extracted, the linked digenic model was fitted to these also, and, as is shown in rows 9 and 10 of table 6, the fit was again perfect except for just significant f's in 4 to 12 and 8 to 12 weeks in females.
(iii) Estimates of the parameters From table 6 it is clear that the linked digenics model provides the best fit to all data, except 4-week female and 20-week male data which are sufficiently explained by the additive-dominance model. The parameter estimates for these latter are shown in table 7. Both cases show the greatest BODY WEIGHT IN CHICKENS 173 tested, which predict no change in the mean between the S2 and S3, the fall in body weights from S2 to S3 was greater than from backcross to sibbed backcross. Two explanations presented themselves, more complex maternal effects, and the effects of linkage on digenic interaction. There is a limit to the number of parameters for maternal effects that can be fitted and, further, almost any model can be fitted to almost any data by the specification of arbitrary maternal effects. Therefore this first explanation was approached by analysing the growth increments between weighings in the belief that this might remove some maternal effects. The results are shown in rows 7 and 8 of table 6. Clearly the fit of the digenic interaction model to the period weight gains is even less satisfactory than the fit to the actual weights at different ages. There remained to test the digenic interaction model with linkage in which the number of parameters involving linkage had to be reduced because of the confounding of their estimators, and from which "q ", the maternal effect of the (IA x CH) S dams, was dropped, as explained above.
The fit of this model to the weight-for-age data is perfect (rows 5 and 6 of table 6). Since the increments between weighings had been extracted, the linked digenic model was fitted to these also, and, as is shown in rows 9 and 10 of table 6, the fit was again perfect except for just significant x2' in 4 to 12 and 8 to 12 weeks in females.
(iii) Estimates of the parameters From table 6 it is clear that the linked digenics model provides the best fit to all data, except 4-week female and 20-week male data which are sufficiently explained by the additive-dominance model. The parameter estimates for these latter are shown in *P<0.05; **P.<0.01; ***< effect of" h ", the dominance deviation, in increasing body size, but otherwise they differ. In 20-week males the only other significant effect is a considerable boost to body weight from having a CH line dam. In the 4-week female data, both pure line darns suppress weight while the (CH x lAd') S1 dam increases it, and autosomal genes of the CHime increase weight but sex-linked genes of that line decrease it. The parameter estimates for the linked digenics model are given in table 8 for weight-for-age data and in table 9 for the 4-week weight increments. In each case "m+h+l" is considerably greater than "m+i ". Since the estimates of these two compound parameters were approximately ten times their standard errors throughout, the differences are clearly significant without further statistical tests. The differences, whether expressed as a percentage of" m+i" or of" m+h+l" are smaller in both sexes at 8 weeks ofage than thereafter, and, as would be expected, greater in each sex in the 8-to 12-week period of growth than any other. Since in the other analyses" h "was always large and positive and usually significant, it no doubt accounts for effect of" h ", the dominance deviation, in increasing body size, but otherwise they differ. In 20-week males the only other significant effect is a considerable boost to body weight from having a CH line dam. In the 4-week female data, both pure line darns suppress weight while the (CH X IA3) S1 dam increases it, and autosomal genes of the CHime increase weight but sex-linked genes of that line decrease it. The parameter estimates for the linked digenics model are given in table 8 for weight-for-age data and in table 9 for the 4-week weight increments. In each case "m+h +1" is considerably greater than "m + i ". Since the estimates of these two compound parameters were approximately ten times their standard errors throughout, the differences are clearly significant without further statistical tests. The differences, whether expressed as a percentage of" m+i" or of" m+h+l" are smaller in both sexes at 8 weeks of age than thereafter, and, as would be expected, greater in each sex in the 8-to 12-week period of growth than any other. Since in the other analyses "h "was always large and positive and usually significant, it no doubt accounts for much of this difference. The only data in which "d ", the additive effect, is significant is the 8-to 12-week increment in males.
For the parameters containing "p ", the recombination fraction, the pattern is simpler in the females. The estimate of "p4i-2p31" is negative throughout female growth and increasingly negative in the weight-for-age results. That of "p2i.pal" is positive in growth intervals from 8 weeks onwards and increasingly positive in the weight-for-age results from that point. The estimates of "pj" and are significantly negative in the growth periods to 20 weeks, at which age weight is affected by a significant negative effect of" p2j" but only in a change of sign between non-significant estimates of" pj ". In the more complex male results can be seen a change from significantly negative to significantly positive estimates for "pj" and "p4i-2p31" in the growth intervals either side of 16 weeks of age, and a change from effectively no effect to significantly positive estimates of" i +pl"
and "p2i" in the growth results beyond 12 weeks of age. These latter two estimates are significantly negative in 8-week-old males, but are effectively zero by 16 weeks, while "p2j" and "p41-2p31" become increasingly negative to 16 weeks of age when they are counteracted by the positive effects in the 16 to 20-week growth period. It is then clear how these effects in the males cancel out so that 20-week male body weight can be represented by the simple additive-dominance model. The genetic meaning of these results will be further considered in the Discussion.
In tables 8 and 9, there are few significant results for sex-linkage or maternal effects. The CH line dam causes some increase in 4-8 week growth in females, and the IA line dam suppresses growth between 12 and 16 weeks in males and between 16 and 20 weeks in females.
Discussxo
Although few of the maternal and sex-linked effects were significant, there was sufficient consistency in the results for some of them to be accepted as real. The CH line dam, after depressing 4-week female weight, boosted 4-to 8-week female weight gain, caused a highly significant increase in 20-week male weight and was positive for all weights at 8 weeks and over and most increments between weighings. The IA line dam depressed not only 4-week female weight but also growth between 12 and 16 weeks in males and between 16 and 20 weeks in females. The (CH x lAd') S1 dam increased 4-week female weight while its reciprocal did not, although the eggs of the former are about 1 g. smaller than those of the latter; this effect seemed to continue, although not significantly, through all later ages. The effect of the CH Z chromosome depressed body weight compared to the IA Z chromozome in females of 4 weeks of age, and the effect appeared to continue, at least in females, throughout the growing period. reviewed the results on sex-linkage and maternal effects in chickens that had been published at that time, and found them inconclusive and in many instances difficult of interpretation because of the forms of analysis used. In the results reported in that paper, which included the 20-week S and 2 body weight data which were used in the present paper, we concluded that the CH line dams increased body size relative to IA dams, but that the CH line Z chromosome reduced body weight, which agrees with the present results. More recently analysed a reciprocal 176 J. R. MORTON much of this difference. The only data in which "d ", the additive effect, is significant is the 8-to 12-week increment in males.
For the parameters containing "p ", the recombination fraction, the pattern is simpler in the females. The estimate of "p41-2p31" is negative throughout female growth and increasingly negative in the weight-for-age results. That of p2i -p8i" is positive in growth intervals from 8 weeks onwards and increasingly positive in the weight-for-age results from that point. The estimates of "pj" and "p2j" are significantly negative in the growth periods to 20 weeks, at which age weight is affected by a significant negative effect of" p2j" but only in a change of sign between non-significant estimates of" pj ". In the more complex male results can be seen a change from significantly negative to significantly positive estimates for "p2j" and "p41 -2p31" in the growth intervals either side of 16 weeks of age, and a change from effectively no effect to significantly positive estimates of" pi +pi"
and "p21" in the growth results beyond 12 weeks of age. These latter two estimates are significantly negative in 8-week-old males, but are effectively zero by 16 weeks, while and "p4i-2p31" become increasingly negative to 16 weeks of age when they are counteracted by the positive effects in the 16 to 20-week growth period. It is then clear how these effects in the males cancel out so that 20-week male body weight can be represented by the simple additive-dominance model. The genetic meaning of these results will be further considered in the Discussion.
Although few of the maternal and sex-linked effects were significant, there was sufficient consistency in the results for some of them to be accepted as real. The CH line dam, after depressing 4-week female weight, boosted 4-to 8-week female weight gain, caused a highly significant increase in 20-week male weight and was positive for all weights at 8 weeks and over and most increments between weighings. The IA line dam depressed not only 4-week female weight but also growth between 12 and 16 weeks in males and between 16 and 20 weeks in females. The (CH x lAd') S1 dam increased 4-week female weight while its reciprocal did not, although the eggs of the former are about 1 g. smaller than those of the latter; this effect seemed to continue, although not significantly, through all later ages. The effect of the CH Z chromosome depressed body weight compared to the IA Z chromozome in females of 4 weeks of age, and the effect appeared to continue, at least in females, throughout the growing period. reviewed the results on sex-linkage and maternal effects in chickens that had been published at• that time, and found them inconclusive and in many instances difficult of interpretation because of the forms of analysis used. In the results reported in that paper, which included the 20-week S1 and S2 body weight data which were used in the present paper, we concluded that the CH line dams increased body size relative to IA dams, but that the CH line Z chromosome reduced body weight, which agrees with the present results. More recently analysed a reciprocal cross between the White Rock and Cornish breeds for weight at 6, 8, 10 and 12 weeks of age by the same method as . He found that the smaller White Rock females exerted a maternal effect which increased size by about 8 per cent. at all ages, and that the Z chromosome of the Cornish breed increased the weights by about 3 per cent, relative to the Z chromosome of the White Rock breed. Clearly it is not possible from the body size or egg size of the parents to predict the effect of using any one cross rather than its reciprocal.
Interpretation of the genetic meaning of the results is difficult because the generations available permitted the estimation of so few of the parameters singly, and is further complicated by the nature of the results themselves.
For example, since by definition 0< P < , "p2j" must be smaller absolutely than "pj" and p41-2" must be smaller and of opposite sign to "p2i ", but in most of the analyses the opposite is true. A similar, although less complex, problem is found in the results of Jinks and Perkins (1969) with height in Nicotiana, where the estimates showed "p2i ">" "> 0, "p2j"<"pj"<O and "p41"<"p31"<"p21"<"pl"<0. Some attempt will be made later to explain these anomalies, but for the present interpretation it follows that no values can be assigned to " i" or " 1" unless "p21" is estimated significantly.
Among females, "j ", the additive x dominance interaction, is significantly negative in the later stages of growth and in the final 20-week weight. But in males negative values of "j" in the growth periods between 8 and 16 weeks, culminating in a significant negative value in 16 weeks weight, are counteracted by a positive value in the 16 to 20-week growth period, so that the interaction disappears for the 20-week weight analysis. In the female results "p2i" is significant and negative only in the 12-to 20-week weight increment. In this period "pi+pl" is non-significantly negative and "p2i-p21 " significantly positive, so that while " 1" is negative " 1 " is possibly positive and certainly not negative, so that the large difference between "m+/z+l" and "m+i" must be due to a large positive value of "/z' as found in the unsatisfactory earlier analysis. In the results for 8-week male weight the pattern is not dissimilar, "p21" and "p1 +pi" being significantly negative and "p2i_p81" non-significantly positive. Although here it is possible that " i" is negative, clearly the major effect is a negative " I ", the dominance x dominance interaction, and hence through the large value of "m+/z+l" a large and positive "/z' as in the earlier analysis. But in the growth periods of males beyond 12 weeks "pi+pI" and "p21" are both significantly positive so that they become lost from the weight-for-age data, until at 20 weeks "A ", the dominance deviation, is the only remaining genetic effect.
The best interpretation ofthe parameter estimates can then be summarised thus. A large positive value of" A" with a smaller negative value of" 1"
that is a combination of overdominance and duplicate interaction (Jinks and Jones, 1958) , exist throughout the female data and in the younger male weights. Negative values of "j ", the additive x dominance interaction, appear in the control of 20-week weight in females and 16-week weight in males. However, between 16 and 20 weeks in males, both the effects of both "1" and "j" are reversed so that by 20 weeks males exhibit simple Cornish breed increased the weights by about 3 per cent, relative to the Z chromosome of the White Rock breed. Clearly it is not possible from the body size or egg size of the parents to predict the effect of using any one cross rather than its reciprocal. Interpretation of the genetic meaning of the results is difficult because the generations available permitted the estimation of so few of the parameters singly, and is further complicated by the nature of the results themselves. For example, since by definition 0 <P < j, "p2j" must be smaller absolutely than "pj" and "p41-2p81" must be smaller and of opposite sign to "p2i ", but in most of the analyses the opposite is true. A similar, although less complex, problem is found in the results of Jinks and Perkins (1969) with height in Nicotiana, where the estimates showed 'p2i "> " pi ">0, p2j "<"pj"<O and "p41 "<"p31"<"p21"<"pl '<0 Some attempt will be made later to explain these anomalies, but for the present interpretation it follows that no values can be assigned to "i" or "1" unless "p21" is estimated significantly.
Among females, "j ", theadditive x dominance interaction, is significantly negative in the later stages of growth and in the final 20-week weight. But in males negative values of "j" in the growth periods between 8 and 16 weeks, culminating in a significant negative value in 16 weeks weight, are counteracted by a positive value in the 16 to 20-week growth period, so that the interaction disappears for the 20-week weight analysis. In the female results "p21" is significant and negative only in the 12-to 20-week weight increment. In this period "pi+pl" is non-significantly negative and p2i -p21 " significantly positive, so that while " 1 " is negative " i " is possibly positive and certainly not negative, so that the large difference between "m+h+l" and "m+i" must be due to a large positive value of "Ii" as found in the unsatisfactory earlier analysis. In the results for 8-week male weight the pattern is not dissimilar, "p2i" and "pi +pl" being significantly negative and p2j -p8i" non-significantly positive. Although here it is possible that " i " is negative, clearly the major effect is a negative "1 ", the dominance x dominance interaction, and hence through the large value of a large and positive "h" as in the earlier analysis. But in the growth periods of males beyond 12 weeks "pi+pl" and "p21" are both significantly positive so that they become lost from the weight-for-age data, until at 20 weeks "Ii ", the dominance deviation, is the only remaining genetic effect.
The best interpretation of the parameter estimates can then be summarised thus. A large positive value of" h" with a smaller negative value of" 1"
that is a combination of overdominance and duplicate interaction (Jinks and Jones, 1958) , exist throughout the female data and in the younger male weights. Negative values of "j ", the additive x dominance interaction, appear in the control of 20-week weight in females and 16-week weight in males. However, between 16 and 20 weeks in males, both the effects of both "1" and "j" are reversed so that by 20 weeks males exhibit simple overdominance, In much quantitative genetics research there is an implicit, or sometimes 81J2-M explicit (e.g. Butler, 1952; , assumption that genetic control of metric traits is similar in the two sexes, sex differences being caused by a simple proportional effect of sex on otherwise identical genetic effects. The results of this paper, among several others (e.g. Breese and Mather, 1960; Jinks and Broadhurst, 1963; suggest this assumption is invalid. In retrospect, the assumption seems not even reasonable, for if there is interaction between different genes and between sex and genetic effects in the control of metric traits, it is likely that the development of sex differentials during evolution will have been accompanied by the development of different genetic interactions in controlling the traits in each sex. It is also likely that the form of genetic control in each sex will be related to the role of that sex. We have argued previously that the opposition of sign in "h ", the dominance deviation, and "1 ", the dominance x dominance interaction, is an expression of homeostatic genetic control, in that it causes genotypes of varying degrees of heterozygosity to have similar means, and hence shows little variation in an outbred population. It may be that too great a uniformity of males in a polygamous species such as the chicken is a disadvantage and that the reversal of genetic control as cocks approach maturity removes the earlier homeostatic control, allowing further variation to be expressed and possibly making the selection of the dominant cock a quicker and easier process.
Throughout the above discussion of the digenic interaction terms, "p'i -2p81" which was one of the most significant in the analyses was ignored. This was because although "p" must be less than one-half, it appeared in this analysis, as in that ofJinks and Perkins (1969) on height in Xicotiana, that the terms of digenic interaction containing the higher powers of" p "had the greater estimates. A diagnostic for the presence of linkage is the failure of models without linkage to fit the observed rate of inbreeding depression, particularly in the present case from the 2to the S8. An alternative or additional cause of this inbreeding depression could be residual genetic segregation in the parental inbred lines. The amount of inbreeding that the CH and IA lines of chicken had undergone, the extent of the heterosis observed when they were crossed and the increased variation of the segregating generations over the pure lines and S1's, all suggest that the lines were largely homozygous for genes affecting body weight. But had shown that these lines continued to segregate at several blood group loci. If some of the genes controlling body weight continued to segregate linked with these blood groups the anomalies in the estimates of " p4i -2p81" and other of the linked digenic interaction parameters might be explained. A similar explanation of Jinks and Perkins' (1969) results at first seems improbable in view of the statement of Mather and Vines (1952) on the lines which they used that "no suggestion has ever appeared that the parental lines were anything but true breeding ". But considering the amount of heterosis observed in height and early flowering by Jinks and Perkins, it seems not impossible that some loci were maintained segregating.
If this is the right explanation of the anomalous results, it points in one respect to the same conclusion as the main analysis. The blood group loci found segregating by were the B, C, L and X loci in the CH line and the A-E and B loci in the IA line. Scheinberg (1956 and quoted in Gilmour (1960) ) found a linkage relationship involving the B locus. Briles
